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STABILITY AND PERMEABILITY OF FLUID RETENTION BERMS 
CONSTRUCTED FROM HIGHLY WEATHERED BEDROCK 
Paul M. Santi 
Department of Geological and Petroleum Engineering 
University of Missouri-Rolla 
Rolla, Missouri-USA-65409 
ABSTRACT 
Paper No. 6.16N 
A geotechnical evaluation was conducted of thirteen emergency impoundment basins constructed to retain fluids from catastrophic 
tank failure at a petroleum facility. The berms creating the impoundments were constructed on bedrock, weathered bedrock, slope 
wash, and lightly compacted fill derived from weathered bedrock. 
Site materials ranged from fractured rock, to clayey gravel, to gravelly sand. Consequently, standard geotechnical tests for strength 
and permeability were difficult to perform, and test results were not often representative of the entire range of properties at each basin. 
Therefore, a systematic method of testing or estimating strength and permeability ranges was established. In order of decreasing 
confidence, shear strength was measured by laboratory tests, correlation with similar materials from another basin, standard 
penetration tests, and qualitative influence of grain size distribution. Permeability was measured by laboratory tests, correlation with 
similar materials from another basin, estimation based on grain size, and estimation based on material descriptions. 
In general, the weathered rock proved ideal for use as berm material. The angular rock pieces produced a high friction angle, and the 
clay component added cohesion and reduced the permeability. These conclusions were based on both laboratory tests and long-term 
field performance. 
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INTRODUCTION 
As part of a Spill Prevention Control and Countermeasure 
(SPCC) Plan, a petroleum industry company completed an 
evaluation of 13 storm water and petroleum retention basins at 
one of their facilities. The impoundments were created 
approximately 20 to 50 years ago by compacting fill berms 
across several ravines on the property. The fill was usually 
derived from bedrock, weathered bedrock, and slope wash 
excavated upstream from the berm to produce level hillside 
pads for petroleum storage tanks. An example of this situation 
is shown on Fig. I. Often, one impoundment served several 
storage tanks, all located in notches cut out of the hillside 
higher up the canyon. 
The SPCC evaluation included, among other things, an 
assessment of the slope stability of the berms which form the 
impoundments, and an assessment of the permeability of the 
berms and the floor and sides of the impoundments. The 
Fig. 1 Photograph of basin created by constructing a berm 
across a canyon. Note the storage tank pad cut into the 
hillside. Berm fill was usually derived from the rock and soil 
produced in these cuts. 
question to be answered by the evaluation was whether or not 
the benns would remain stable and the impoundment would 
hold fluid should a catastrophic tank failure occur upstream. 
Because the impoundment basins would only retain fluid for a 
short period, until cleanup operations commenced, certain 
conditions were pre-established for the analysis. No 
earthquake loads were included because it was considered 
unlikely that an earthquake would occur during the short time 
the basin was filled with fluid. Basins were assumed to be full 
of fluid which contributed weight in the stability analyses. 
Soils were assumed to be unsaturated above the water table, 
because of the short fluid residence time in the basins. 
Bedrock at the site is interbedded shale and sandstone of the 
Franciscan Fonnation. Because berm fill was derived from 
fractured and weathered bedrock, it contains ample angular 
rock fragments as well as clayey and sandy soil. The presence 
of large rock fragments made standard geotechnical tests for 
strength and penneability difficult to perform, and results of 
tests performed on suitable samples were not often 
representative of the entire range of properties at each basin. 
Furthennore, the critical fluid travel pathways within each 
basin were difficult to identify because of the thin layering of 
rock units and numerous geological materials within the berms 
and along the walls and floor of the basin. 
These testing and representativeness problems could only be 
addressed by a sampling and testing program which balanced 
laboratory testing, parameter estimation, and application of 
results from similar geologic media in other basins. 
TESTING APPROACH 
The general investigation, testing, and analysis plan for each 
basin was as follows: 
1. On a topographic map (I" = 50' scale), we identified and 
outlined the extent of surficial materials at the basin: fill, 
colluvial slope wash, weathered bedrock, bedrock. The 
critical slope section of the berm was selected as either the 
steepest portion of the berm or a section resting on low 
strength material. An example of this mapping and analysis is 
shown on Fig. 2. 
2. A subsurface investigation of the berm and basin floor 
material was completed to collect samples for identification 
and testing and to identify subsurface geologic units. Three 
investigation methods were used, based on accessibility and 
required depth. For shallow investigations test pits were 
excavated and sampled. For deeper investigations, borings 
were advanced with a all-terrain auger rig where accessible 
and with a hand-carried auger apparatus where not. Typically 
a combination of these methods was used, investigating 2 to 5 
locations per basin. For 6 of the basins, data from borings and 
test pits from previous investigations was available, resulting 
in an additional 1 to 12 data points for these basins. 






B. EXAMPLE - SITE STRATIGRAPHY (CROSS-SECTION VIEW) 
CLAYEY GRAVEL SHELL } Some basins are composed 
CLAY CORE entlrely of a clayey gravel matertal 
SLOPE WASH I ALLUVIUM• 
RAVINE Fill I ALLUVIUM• 
..I- coLLU ~~ 
0f:.Oi"-QC'I-
Cut-oH trench• 
Fig. 2 Example field map (A) and critical slope cross section 
(BJ completed as part of the field mapping for the study. 
3. Laboratory analyses were completed on appropriate 
samples to measure geotechnical properties for slope stability 
and penneability analyses. For triaxial strength and constant 
head permeability tests, appropriate samples were samples for 
which the largest particle was roughly one-tenth the diameter 
of the entire sample (samples were usually 2" diameter, so the 
largest particles should be less than 2/10"). By selecting 
samples from a boring which met this criterion, particularly in 
fill derived from weathered rock, samples were biased towards 
weaker and less permeable materials. This is because tested 
samples were, on the whole, finer grained than the typical 
materials encountered. Therefore, the strength tests tended to 
be conservative, and the permeability tests needed caution to 
prevent underconservatism. 
Geotechnical properties could also be estimated, gleaned from 
previous investigations, or correlated to similar materials in 
other basins. Because of the range of data sources, quality, 
and reliability, a hierarchy for selecting geotechnical 
parameters was established, shown on Table l below. 
Table 1 Methods for Selecting Geotechnical Parameters 
Shear Strength 
+ Angle of internal friction. 
This parameter dominates slope 
stability of deeper failure surfaces. 
C Cohesion. At shallow depths, 
cohesion affects stability 
significantly. 
Basis for Selection (in order of 
decreasing confidence) 
I. New laboratory tests (triaxial, 
saturated, with pore pressure 
measurement). One test will 
describe + conservatively (C must 
be assumed = 0). Two tests will 
describe + and C. 
2. Previous laboratory tests. 
3. Correlation with similar material 
from different basins. 
4. Standard penetration tests. 
Based on blow counts during 
drilling. + may be estimated. 
Works best for homogeneous 
material.* 
5. Grain size. Large coarse fraction 
(gravel) results in higher estimate 
of +. Large fine fraction (clay) 
results in higher estimate ofC. • 
*used only conservatively 
Permeability 
K Permeability. Laboratory tests 
measure K of only a specific 
sample; actual penneability is 
controlled by the most penneable 
portion of a unit. 
Basis for Selection (in order of 
decreasing confidence) 
I. New laboratory tests (constant 
head, with back pressure). 
2. Previous laboratory tests. 
3. Correlation with similar material 
from different basins. 
4. Grain size. Large fine fraction 
results in lower estimate of 
penneability. • 
5. Rough estimate based on 
published K ranges for various 
materials. Highly dependent on 
material descriptions.• 
4. Slope stability was evaluated using a computer program for 
two-dimensional analysis (SSTABM EP56SF, Spencer-Wright 
Procedure). Potential failure surfaces were divided into 
inward- and outward-facing surfaces, and then into shallow 
and deep surfaces, as shown on Fig. 3. Inward-facing surfaces 
would show movement into the basin and outward-facing 
surfaces would show movement out of the basin. 
Surfaces unallec:ted 
by fluid in buin 
4 
Shalow lailu,. 
Surfaces less Slallle 
will! IIU1d in basin 
I ., 
surfaces .... 4----+----1~ 




Only inward-lacing surface 
not stabilzed by fluid in 
basin"' 
C. INWARD-FACING FAILURES 
Fig. 3 Types of failure surfaces analyzed to evaluate overall 
basin and berm stability. 
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Shallow surfaces were defined as those which would not 
disrupt the integrity of the berm (as shown on Fig. 3). For this 
reason, relatively low factors of safety (<I) were judged to be 
acceptable, although periodic maintenance would be necessary 
to modify and recompact slumped material. Deep surfaces 
were defined as those which would breach the berm, allowing 
leakage of impounded fluid. The stability analyses for deep 
failure surfaces was considered to be somewhat conservative 
based on the soil strength parameters selected and the 
estimated short duration of full basin conditions. For these 
reasons, a factor of safety for deep failure surfaces was judged 
to be acceptable if it was at least 1.2. 
Analysis of failure surfaces under seismic loading conditions 
was not considered for most basins, since it was judged 
unlikely that an earthquake would occur during the short time 
the basin was filled with fluid. However, Basin 7 contained a 
pipe rack which rested on the berm, and this pipe rack could 
be damaged and cause leakage if the berm settled or failed 
during an earthquake. Therefore, a design acceleration of 0.4g 
was applied in a supplemental analysis for Basin 7 (Newmark 
procedure). 
Stability analyses were performed assuming the basins were 
full. For outward-facing failure surfaces, the presence of fluid 
in the basin would decrease stability of deep surfaces, but 
would not affect shallow surfaces, as shown on Fig. 3. For 
this reason, the assumption that the basin is full is 
conservative. However, for failure surfaces directed into the 
basin, the presence of fluid would confine the failure surface 
and increase the factor of safety. Therefore, we assumed that 
the basin was empty for both shallow and deep inward-facing 
failure surfaces. 
5. Permeability was evaluated using an appropriate "critical" 
cross-section as a stratigraphic model, as shown on Fig. 4. 
Several fluid travel pathways were evaluated, typically 
through each of the geologic materials present in the berm and 
basin floor. The maximum infiltration distance was calculated 
for the expected duration of basin filling (5 to 20 days), using 
the equations shown on Fig. 4. 
Infiltration Distanoe = I = (H/Ll'[K'T] I (no) 
r • (H'/L"J'(K'*TJ I (n.-1 
I" = (H"/L"l'[K'"•T] I [n,,") 
wheni H/L "' maximum head loss of water in minimum distance 
K = penneability for a given unit 
T = selected time of impoundment 
n. = effective porosity for a given unit 
Fig. 4 Calculation of infiltration based on permeability. 
Where possible, laboratory penneability tests were performed 
on both horizontally and vertically oriented samples. 
Horizontal samples, which could only be collected from test 
pits, provided the most accurate prediction of flow rates 
through the berm or its foundation. Vertical samples could be 
collected from test pits or borings and provided the most 
accurate prediction of vertical infiltration into the basin 
bottom. If permeability values from both orientations were 
available, the infiltration distance was calculated using each 
one, where appropriate. 
Certain heavy hydrocarbon products have higher viscosities 
than water, which would result in penetration lower than that 
predicted using K (which assumes water as the fluid of 
transport). Although lighter fraction hydrocarbons (having 
viscosity less than water) would be expected to migrate farther 
in the same period of time, the low moisture content of soil 
under actual field conditions would create a lower effective 
permeability than was measured in the laboratory. For these 
reasons, penetration values calculated as shown on Fig. 4 were 
considered both conservative and reasonable. 
RESULTS 
Material properties varied from basin to basin. A summary of 
the range of values for each material is shown on Table 2. 
The results of slope stability and permeability analyses are 
summarized in Table 3. 
All of the basins exhibit suitable permeability characteristics 
for short term confinement of hydrocarbons. The average 
expected infiltration of hydrocarbons into basin and berm soils 
is approximately 79 inches in 20 days. The maximum 
expected infiltration over the same time period is 272 inches, 
in Basin SA. The only basin for which infiltration is expected 
to completely penetrate the berm is Basin 4, for which 
Table 2 Description of Typical Materials Encountered 
Material Origin Description 
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Table 3 Summary of Stability and Permeability Evaluation 
Basin Minimum Minimum Maximum %of 
Factor of Factor of Infiltration Shortest 
Safety Safety in 5-20days Pathway 
(Shallow) (Deep) (inches) out of Basin 
1.23 1.43 11 -45 I -2 
2 1.14{l(J 1.481)(' 27-109 2-9 
3 0.80(BJ 1.36 5-19 4-16 
3A 1.22 1.27 3-11 0-1 
4 1.55 1.50 48-192 67-267 
4A 1.26 1.40 3-14 3-12 
5 1.17 1.53 14-57 5-19 
6 1.18 2.58 7-27 0-1 
7 1.20 1.59 34-136 1-6 
8 1.57 1.63 12-48 1-2 
SA 1.24 4.10 68-272 11-45 
9 NA NA 20-82 4-17 
12 1.07 1.72 3 - 11 3-9 
Ill.I Benn has been modified by a retaining waJI constructed by the state 
Department of Transportation. Values presented are their analyses using a 
design seismic acceleration of0.6g. 
(8) Probable surficial slumping and raveling which will require periodic 
maintenance 
penetration is expected in IO days. For this basin, and 
possibly also for Basin 8A, impoundment times should be kept 
as short as possible. While other infiltration values are 
acceptable and are significantly less than the total flow path 
out of the basin, they will still contaminate soils to the depth 
of infiltration. Following basin filling, contaminated soils 
would need to be removed and replaced with clean, compacted 
fill material of low permeability. An example of the 
infiltration calculation for Basin 3 is shown in Table 4. 
Stability analyses of Basin 3 indicate marginal stability along 
shallow failure surfaces on the outside of the berm (F .S. = 
0.80). Movement along these surfaces would not impact the 
integrity of the basin. It is likely that the root systems of 
ground cover and trees have increased the stability along these 
surfaces, since no evidence of ground movement was noted in 
Strength Range Permeability Range (cm/sec) 
Berm Fill ( controlled or 
uncontrolled) 
Emplaced by man. Often 
composed of weathered 
bedrock and soil from nearby 
excavations. Controlled is 
typically compacted in 12" 
lifts to 90 or 95% maximum 
density. Uncontrolled is 
randomly placed. 
Usually clayey gravel, well 
compacted. Some berms 
have clayey gravel shell over 
a very clayey core. 
Gravel + = J0°-33o!A> 
or Shell: c = 0-50psf 
Clay 
Core: 
+ = 27°-32o(A) 
C = 0-300psf 
(usually 
300psf) 
k"' 10·3 to 10"6, usually i<r to 
10" 
k "' 10~ to 104 , usually 10°" to 
10·' 
Slope Wash (Alluvium) 
Ravine Fill (Alluvium) 
Colluvium 
Bedrock 
Erosional debris deposited 
after basin construction. 
Erosional debris deposited 
before basin construction. 
Weathered bedrock. 




Sandy clay to clayey sand 
with large rock fragments. 
Often weathered to varying 
degrees and fractured. 
NN81 
• = 300-32olAi 
c = 0-300psf (usually 300psf) 
+=o 
c = 1000-4000 psf01 (usually 
1000 psf) 
k "' Io~ to 10"'1C1 
k = 10~ to 10", usually IO"" to 
10"" 
k = 10"6 to 104 
w Whether controlled or uncontrolled, berm fills have typically been in place for 20 years or more, and have experienced most, if not all, of their anticipated settlement 
<Bl These materials arc typically found in areas which are not analyzed for stability. 
<Cl This material is usually cut off by the berm; consequently, its permeability is oflittle influence. 
<Dl These parameters influence the slope stability computer program to view bedrock as a very stable boundary. 















IO"' - IO'* 
(estimate) 
10·5 - 10 ... 
(based on 
lab tests) 
103 -10 ... 
(based on 
lab tests) 





















w Defined as the line through the benn for which the slope is a maximum. 
CB> Refer to Fig. 4 for details of calculation. 
<C> Laboratory testing indicated a penneability value of 4.7 x 10-7 cm/sec; 
however, large gravel particles were removed from the tested sample. 
resulting in a permeability which was considered to be anomalously low. For 
this reason, the estimated permeability range was increased to better reflect 
that predicted by the range of grain sius. 
the field. This type of vegetation could be established in other 
marginally stable slopes to improve shallow stability. 
Shallow failures (F.S. = 1.07), which would not impact the 
integrity of the berm, may be expected in Basin 12. There is 
no vegetation on this berm, as in Basin 3, so this factor of 
safety may be expected to represent actual site conditions. 
Slumping and raveling along these shallow failure surfaces 
will require periodic maintenance. 
Using a design earthquake acceleration of 0.4g, and 
incorporating the weight of the pipe rack on the berm, 
movements up to 6 inches may be expected on the Basin 7 
berm. This problem may be reduced by hanging the pipe rack 
from an overlying elevated pipeway, which does not rest on 
the berm. The pipe rack is then free from danger of settlement 
damage, and the reduced weight of the berm reduces expected 
settlement to 3 inches or less. 
Figure 5 shows example cross sections and stability analyses 
for two of the basins. 
CONCLUSIONS 
Site materials consisted of a mixture of clayey soil, sandy soil, 
and angular weathered rock, which was difficult to test in the 
laboratory for strength and permeability characteristics. 
Fortunately, a large number of borings and test pits were 
logged, to identify subsurface units at each basin, and as a 
result a large number of samples were available which met the 
criteria for laboratory testing (largest particle less than one-
tenth the sample diameter). Test results could be applied to 
similar geologic material in other basins, where sample quality 
was poorer. For materials for which no samples acceptable for 
testing could be collected, strength and permeability 
parameters were calculated from laboratory tests in previous 
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SURFACE FACTOR OF SAFETY 
© 1.22 
WET DENSITY @ 1.53 
SOIL TYPE (pct) t (deg) C (psi) 0 1.43 
(i} ALL(Sity Sand) 125 32 50 @ 1.69 
@ COl.LlNIUM 125 31 300 ® 1.27 
G)ernnocK 125 0 4000 0 1.44 
@@ 




SURFACE FACTOR OF SAFETY 
@ 1.19 
WET DENSITY 
SOIL TYPE (pct) t (dog) c (psi) @ 1.48 
G) FILL(Clay) 130 27 300 @ 3.24 
@ COLllMUM 125 30 300 ® 4.83 
~ 2.58 
Fig. 5 Example cross sections and stability analyses. 
investigations, from standard penetration tests, from grain size 
analysis, or from material descriptions. 
!n spite of the difficulties in testing, weathered bedrock proved 
ideal for use as berm material. The angular rock pieces 
produced a high friction angle. Since laboratory tests did not 
include the larger angular particles, the actual friction angle, 
and consequently the actual factor of safety for the berm was 
higher than calculated. The clay component in the weathered 
rock added cohesion which also improved stability, and it 
reduced the permeability. 
Deep failure surfaces, which would breach the berms, were 
calculated to be stable for all 13 basins. Two basins contained 
potential shallow failure surfaces, which would not breach the 
berms. While these failures could be ignored, except for 
routine maintenance to clean up rubble, field evidence 
indicates that local shrubs and grasses greatly improve the 
stability of shallow soils. 
The calculated infiltration of impounded hydrocarbons is 
acceptable for the short duration of impoundment (5 to 20 
days). Surficial materials would be contaminated to the depth 
of infiltration and would need to be removed and replaced 
with clean, compacted fill material of low permeability. 
